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Abstract. 9
Small-crater counts on Mars light-toned sedimentary rock are often inconsistent 10 with any isochron; these data are usually plotted then ignored. We show (using an 11
18-HiRISE-image, >10 4 crater dataset) that these non-isochron crater counts are 12 often well-fit by a model where crater production is balanced by crater obliteration 13 via steady exhumation. For these regions, we fit erosion rates. We infer that Mars 14 light-toned sedimentary rocks typically erode at ~10 2 nm/yr, when averaged over 15 10 km 2 scales and 10 7 -10 8 yr timescales. Crater-based erosion-rate determination is 16 consistent with independent techniques, but can be applied to nearly all light-toned 17 sedimentary rocks on Mars. Erosion is swift enough that radiolysis cannot destroy 18 complex organic matter at some locations (e.g. paleolake deposits at SW Melas), but 19 radiolysis is a severe problem at other locations (e.g. Oxia Planum). The data suggest 20 that the relief of the Valles Marineris mounds is currently being reduced by wind 21 erosion, and that dust production on Mars <3 Gya greatly exceeds the modern 22 reservoir of mobile dust. 23 24 1. Introduction. 25 Sandblasting, aeolian infilling, and wind deflation all obliterate impact craters on 26 Mars, complicating the use of crater counts for chronology. Aeolian resurfacing is 27 particularly confounding for dating sedimentary rocks, because these soft materials 28 can be rapidly eroded by the wind. Yet wind erosion of sedimentary rocks is much 29 more than a source of noise, for four reasons.
(1) Rapid exhumation by wind erosion 30 is required for near-surface preservation of ancient complex organic matter (a 31 target for future landers). Near-surface complex organic matter on Mars is 32 destroyed by radiation in <10 8 yr, so the surface must be refreshed by exhumation 33 (Kminek & The pace and pattern of recent wind erosion is a sorely-needed constraint on 35 models of terrain-influenced aeolian erosion -i.e. landscape-wind feedbacks ( The paucity of small craters relative to large craters in easily-eroded 71 sedimentary rock terrains can be understood if we consider resurfacing not as an 72 event but as a process (Figure 1 ). In this paper, we define "obliteration" as the point 73 beyond which a crater can no longer be identified in a high-resolution optical image 74 (i.e. HiRISE, ~25 cm/pixel). On Mars, fresh craters with simple morphologies have a 75 depth-to-diameter ratio ~0.2 (Melosh 1989 increased by 1) to be distinguished from the diffusive alternative (Table  150 1). In practice, we find that most of our CSFDs are better fit by "α 151 increased by 1" than by diffusive-obliteration (Figure 7a) Figure S1 ). Next we carry out a power-law fit (Clauset et al. 220 2009):
where α e is the estimate of α, and which (for large n) has error well-approximated by 225 226 σ = (α e -1)/N 1/2 (3) 227 228
We then use the value of α e to identify erosion processes by comparison to the crater-229 production function of Hartmann (2005) as corrected by Michael et al. (2013) . The 230 slope of the crater-production function steepens with increasing D, but the change 231 in slope is much less than 1 in the range 22m < D < 250m and so α e can be used to 232 identify erosion processes.
233
For sites which are adequately characterized by steady exhumation, we 234 estimate erosion rate. For each crater-size bin, we normalize by count area to obtain 235 the crater density, divide by the production-function to obtain the implied age, and 236 divide the obliteration depth by the implied age to get the implied (binwise) erosion 237 rate. 238 239
where the subscript D denotes erosion rate at a given center-bin diameter, ND is the 242 number of craters in the size bin, fD is the crater flux, and a is the count area. The 243 method does not take account of "bowl shrinkage" as the crater is ground down, 244 which (for ϕ = 0.5 and a hemispheric crater) reduces diameters by <10%. The "≈" 245 symbol refers to the fact that the median crater in a size bin is ~3% smaller than the 246 bin-center (geometric center) diameter. crater identifications. Erosion rates were estimated for areas in HiRISE images in 280 which craters were mapped by ≥3 analysts (Figure 4) . For each such image, craters 281 mapped by different analysts were aggregated using a clustering algorithm. The 282 clustering algorithm tagged crater-pairs whose centers are separated by <50% of 283 the maximum diameter, and whose radii differed by <50%, as being the same crater. D > 20m), we found a false-negative rate of 25% averaged over checked craters 298 (worst case scene-average false negative rate 62%, best case 15%) and a false-299 positive rate of 9% averaged over all craters (worst case scene-averaged false-300 positive rate 43%, best case 6%) at the ≥2-agree level, where the worst case 301 corresponds to a scene with only 7 craters. We chose to calculate obliteration rates 302 based on the ≥2-agree case because it represents the smallest combined error rate 303 relative to the expert reference. We multiply all of our counts by 1.34 to take 304 account of the net error (false positive rate subtracted from false negative rate) 305 from the aggregated checks. The checks showed a trend for students to undercount 306 D~50 m craters relative to both larger and smaller craters: we ignore this trend. We 307 conclude that the student counts are accurate at the factor-of-2 level. 308 images. Although the data are from different geologic units, crater-obliteration rates fall 319 in the range 10-1000 nm/yr. 320
Analysis of combined dataset.

321
The hypothesis of steady exhumation is supported by the combined dataset. For 322
D<10m, we saw a sharp inflection in the CSFD that we attribute to survey 323 incompleteness ( Figure S1 ). To be conservative, we discard D<22m craters when 324 fitting. For diameters 22-250m, the best-fit power law slope is -1.87, which is close 325 to the -1.9 expected for steady exhumation (Figure 7a ). The formal statistical errors 326 for the power law slopes (±0.02 for data, ±0.05 for model) are likely smaller than 327 the real errors. However, the data in Figure 5a are not fit by isochrons (dashed red 328 lines) and are also not fit by diffusion (which would lead to an even shallower CSFD 329 than observed). The best-fit exhumation rate is 102±7 nm/yr. Evidence for steady 330 exhumation in the combined dataset (Figure 7b and Gale), as well as for Oxia Planum, α is well-explained by steady exhumation. For 338 these sites, the CSFD cannot be reproduced by a spatial mixture of patches where 339 craters are obliterated by diffusive processes, and patches where the CSFD is the 340 same as the production function (zero-obliteration, unmodified). Such a spatial 341 mixture model can be tuned to fit any value of α. However, a two-parameter spatial 342 mixture of diffusive degradation and single-resurfacing predicts concave-up 343 curvature in the bin-by-bin plots on a log scale. Curvature is not observed for the 344 light-toned layered deposits, nor for Oxia Planum. Because α is well-explained by 345 steady exhumation, and the alternative spatial-mixture model fails to explain the 346 CSFD, the CSFD for these sites is suggestive of steady exhumation. 347
Among sites with α consistent with steady exhumation, global exhumation-348 rate variations at the image level are modest (Figure 7b ). Most confidence intervals 349 overlap the range E = 100-1000 nm/yr (since 10-100 Mya 2014). This is offset in our image averages by relatively high crater density near the 360 margins of the paleolake, so that the image-averaged erosion rate is not unusual 361 ( Figure 6 ). Because the parts of SW Melas that were underwater for the longest time 362
are the zones of greatest astrobiological interest (Metz et al. 2009 ), we used HRSC 363 DTM H2138_0000 (50 m/pixel) to clip out terrain lying below the -2250m contour. 364
The -2250m contour corresponds to the lowest candidate lake level discussed by 365 Williams & Weitz (2014). For this low-lying terrain, we did a separate erosion rate 366 fit. We found α = 2.3±0.8 (2σ), which is consistent both with a single resurfacing 367 event and with steady exhumation. For steady exhumation, the fit is E = 530 nm/yr, 368 (95% confidence interval 320-870 nm/yr, n =44 craters, combined area = 19 km 2 ). 369
Oxia Planum and Aram Dorsum show a low erosion rate relative to the the 370 other sites for which we fit E: 10-30 nm/yr. Although the crater density is noticeably 371 variable between geologic units, all show a high density. 372
Steady exhumation is not a sufficient explanation of CSFDs at "NE Syrtis" or 373
Mawrth. The CSFDs show a power-law slope that is shallower than expected for 374 steady exhumation. Here, another process is required to rapidly obliterate small 375 craters. Possibilities include aeolian infilling (by small patches of bedforms not 376 included in the sand mask). Therefore we do not interpret the estimated 377 exhumation rates for "NE Syrtis" and Mawrth to be realistic. 378
At the Nili Carbonates site, the steady exhumation hypothesis is not rejected 379 at the 95% level (Figure 7a ). However, we suspect that diffusive processes, and 380 obscuration by small bedform patches not included in the sand mask, are a major 381 contributor to crater nondetection. for the subset of sites that have a value of α and/or a geologic expression that we 401 interpret as being consistent with steady exhumation. Assumes 50% obliteration 402 depth fraction. Colors correspond to those used in Figure 6 . 403 and z0 is a negligible-GCR depth (we use 100m). The survival fraction of organic 488 matter Ω is then given by 489 490
Application to landscape evolution
where km is radiolysis constant (Gy -1 ), and m is molecular mass (Da).We ignore 493 inherited radiation damage (in effect, we assume swift burial or a >100 mbar 494 deposition-era atmosphere). 495 496 6.3. Results. 497 We find that in the most optimistic case (km from Kminek & Bada 2006 ; thin dashed 498 lines in Figure 8 ), 100 nm/yr exhumation gives a GCR dose that would reduce 499 complex organic matter abundance 2-fold. Experiments using amino acids within 500 geologic analog materials find much worse preservation potential than for purified 501 amino acids, especially when H is present as is certain for Mars soil ( (Bridges et al. 2014 ). On Earth, aeolian deflation can be important for 540 basin exhumation in dry settings (Rohrmann et al. 2013 ). In Antarctica, saltation-541 abrasion rates can reach ~30000 nm/yr for basalt and sandstone (Malin 1985) . 542
Scaling of these measurements to Mars indicates landscape-lowering rates of 900-543 9000 nm/yr (Bridges et al. 2012 ). These calculations are for sand fluxes within a 544 dunefield, so likely overstate the long-term abrasion rate. Nevertheless, at the rates 545 we infer, saltation abrasion is a reasonable explanation for steady exhumation. 546
For softer materials (potentially including rhythmite), it is possible that 547 decomposition of cementing minerals, thermal cycling, or removal of loose particles 548 by the wind, may be more important than saltation abrasion in setting the pace of 549 erosion. 550 551 7.2. Which crater-production function to use? 552 553
In this paper, the starting point for our workflow is crater-flux models based on 554 lunar counts and adapted to Mars (Hartmann 2005 as corrected by Michael 2013), 555 rather than empirical estimates of crater-flux based on observations from Mars 556 orbit of craters that formed over the last ~10 years (Daubar et al. 2013) . That is 557
because the observed present-day crater flux is spatially nonrandom, even after 558 correcting for monitoring efficiency (Daubar et al. 2014 • Our results suggest that the relief of Mars' major sedimentary rock mounds is 648 currently being reduced. 649 650
• The exhumation rate at the paleolake deposits in SW Melas Chasma is 651 relatively high. Therefore radiolysis is less of a threat to the preservation of 652 ancient, complex organic matter at these paleolake deposits than at the other 653 Figure S1 . As for Figure 5 in the main text, but extended to show the reduction in 672 crater abundance at small diameter due to survey incompleteness. The individual 673 images show an incompleteness rollover at diameters ranging from 5m to 20m; to 674 be conservative, we exclude all craters smaller than 20m. ESP_016509  39  268  147  55  24  12  7  5  2  4  0  0  0  1  0  28   ESP_019508  50  120  99  71  24  19  6  6  1  0  0  0  0  0  0  27   ESP_028422  246  426  287  129  70  31  8  2  0  0  0  1  0  0  0  13   ESP_030880  97  128  94  67  47  21  17  11  8  2  2  0  0  1  0  37   ESP_036384  60  272  353  286  159  101  35  17  10  5  5  1  0  0  0  28   ESP_038385  0  4  48  117  72  41  13  5  3  1  2  1  1  0  0  17   TOTAL  1060 3503 3260 2288 1335  719  319  182  103  53  41  12  7  6  0  38 684
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